Since the last ten years numerous studies have been carried out to develop micro-reactors or micro-structured reactors in order to improve scale of production, economics, safety and environmental impact of chemical production. Consequently Alfa Laval Vicarb has developed a new structured heat exchanger reactor. The design of the reactor is based on high performances heat plate exchanger in which small inserts allow a good mixing of the reactants and to improve the heat transfer phenomena or to increase the heat transfer coefficient. This new technology of heat plate exchange reactors has a modular structure where the exchange zones have two possible configurations: co-and counter counter-current. The structure of the reactor is also flexible, that makes possible to have multiple reactants injections and different local temperature control points. In order to have a rapid prediction of conversion and temperature profiles, a mathematical model conserving the same notion of the structure of the reactor has been developed. This mathematical model is a simple compartmental model which presents advantages in terms of flexibility, possible online simulations and rapid prediction simulations. The structure of the model has been determined with the help of tracer experiment and computational fluid dynamics simulations. Heat and mass transfer equations are written considering each cell and using experimental heat transfer data then chemical kinetics from literature are introduced to the model. A sub-compartmental model has been developed in order to predict the micro-mixing phenomena. Four reactions for which the kinetic laws of reactions are well known have been selected to test the model: alkaline hydrolysis of ethyl acetate, alkaline hydrolysis of ethylene glycol diacetate, oxidation of sodium thiosulphate by hydrogen peroxide and Bourne reactions. The results of comparison between simulations and experimental data in terms of yield, selectivity, temperature profiles and micro-mixing characteristics are in reasonable agreement.
Introduction
The intermediate scale and fine chemical industries are dominated by batch processing. Chemicals are generally manufactured in campaigns lasting days or weeks. Plants are used for the successive productions of different products. They need therefore to be flexible to facilitate the multi-step processes and multi-product plant approach. This has led to the almost universal in industry, use of the stirred tank reactor operated batchwise. The major advantages of batch reactors in fine and intermediate chemical industries are cost, ability to cope with uncertainties, flexibility and possibility of control (Bonvin, 1998; Carpenter, 2001) . The switch to continuous processes is then often imposed by reasons dictated by the scale of production, economics, kinetics and safety (Mills and Chaudhari, 1997) . Recent evolutions are going toward micro or micro-structured systems by intensifying processes and/or using multifunctional devices. This evolution creates a rupture of mind in the industrial world which requires validation of the potential benefits in terms of safety and production yield but also to develop specific tools for predictive simulations. The new technologies designed to replace stirred tank reactor can be evaluated through five criteria: safety, product quality, productivity, flexibility and scale-up (Bonvin, 1998) . This evaluation is a long task because it usually proceeds by determining numerous characteristics of reactors (heat transfer coefficients, residence time distribution, micromixing time. . . ) which are necessary to develop model predictive simulations. Schematic representation of the inserts located inside the reactor zone (Chopard, 2002) This article deals with an industrial reactor developed by Alfa Laval Vicarb which joins the main advantages of micro-structured and multifunctional devices (flexibility, safety, scale-up facilities) without some disadvantages of micro-devices (fouling, short residence time). This new technology of heat plate exchange reactors has a modular structure where the exchange zones have two possible configurations: co-and countercurrent. The modularity of the structure of the reactor improves heat transfer when exothermic reactions take place into the reactor. The structure of the reactor is also flexible in order to have reactant injections and possibility of local temperature control at different points in the reactor. The flexible structure improves selectivity and allows having a better control of temperature.
New developments in computational fluid dynamics (CFD) allow modelling accurately the flow behaviour and the heat and mass transfers in chemical reactor. The prediction of chemical reaction behaviour is also possible but it requires long calculation time. The use of the CFD to simulate a micro-structured reactor requires knowledge of the local heat transfer coefficients, which is scarcely possible. Moreover, this reactor is made to favour multiconfigurations: the simulation of the different configurations requires to redefine and to rebuild the mesh.
Because of this it is necessary to develop an adapted model to allow rapid prediction of conversion, performance and temperature profiles for possible online control. A simple compartmental modelling based on interpretation of tracer experiments and CFD simulations, in which heat transfer processes and chemical reactions kinetics are taken into account has been developed. The results of comparison between simulations and experimental data in terms of yield, selectivity, temperature profiles and micro-mixing characteristics are in reasonable agreement.
Reactors Description and Experiments
A prototype of a structured heat plate exchanger reactor has been studied in order to know how it behaves under different operating conditions. Simulations have Co-current/counter-current/co-current configuration of cooling and reactant flux tested in the present work been done only with one fixed possible configuration.
1.1 Presentation of the studied reactor and experimental set-up The design of the reactor is based on a high performances heat plate exchanger in which, small inserts (Chopard, 2002 ) allow a good mixing of the reactants and an increase of the heat transfer coefficient. It is made up of a combination of chambers; it should ensure better heat transfer and mixing as well as a perfect control of temperature in any points of the reactor. The internal structure is shown on the Figure 1 .
The structure of the reactor contains three chambers in which there are two possible configurations between cooling fluid and reactant circulations (co-or counter-current). Nine different configurations are thus possible. Figure 2 shows co-current/counter-current/cocurrent configuration, this configuration has been chosen and fixed for model simulations in the present work. The industrial reactor may have more than three modules with possible local injection of the reactants between different parts of the modules. For the given prototype, all the reactants are injected at the inlet. Two gear pumps supply the reactor with the reactants. This type of pump has been chosen because pulsations that could affect the reactions sensitive to mixing are limited. Pumps are connected to feed tanks and their flow rates are checked by flowmeters. In nominal configuration, the first pump works at 40 L·h −1 and the second one works at 10 L·h −1 . The residence time in the reactor is equal to 97 s for a global flow rate of 50 L·h −1 . Tap water and hot oil, provided by a boiler, are used as cooling or heating fluids. Temperature sensors are set up along the reactor in order to get a profile of temperature inside the reactor. Temperature sensors are set up too at the entrance and at the exit of the "cooling jacket". All the sensors are connected to a computer for acquisition. Conductivity probes have also been installed at both inlet and outlet of the reactor to follow-up some of the chemical reactions and to measure residence time distribution. The reaction between sodium hydroxide and ethyl acetate takes place in a homogeneous liquid medium assuming that the maximum solubility of ethyl acetate in water should not be exceeded. It is essentially an isothermal reaction and its reversibility is negligible at room temperature. All reactants are miscible liquids and no volatiles are formed during the reaction. It is then a single reaction for which only hydrodynamics influences the process of the reaction. The kinetic laws of the alkaline hydrolysis of ethyl acetate have been determined by several authors (Ortiz et al., 1989) and we have confirmed this kinetics for wider ranges of temperatures and concentrations. The conductivity of sodium hydroxide is very large compared to those of ethyl acetate and products, which allows following up of the reaction directly by conductimetry. Reaction 2: Alkaline hydrolysis of ethylene glycol diacetate
Chemical reactions implementation
The alkaline hydrolysis of ethylene glycol diacetate is a series of two competitive and consecutive reactions which take place in a homogeneous liquid medium assuming that the solubility of ethylene glycol diacetate in water should not be exceeded. As the reactions are slightly exothermic, the selectivity depends only on macro-mixing. One experimental kinetic study from Aubry et al. (1971) is available and we have carried out several experiments to confirm the kinetic law. The following of the alkaline hydrolysis of ethylene glycol diacetate in a reactor requires only a gas chromatograph to accurately determine the composition of the mean reactants and products. Conductivity allows to access to the sodium hydroxide conversion. Reaction 3: oxidation of sodium thiosulphate by hydrogen peroxide
This reaction has been chosen in order to evaluate experimentally the rapid heat evacuation capacity of the reactor. This reaction is essentially irreversible with a known stoichiometry, relatively fast at room temperature and highly exothermic. This last property is the reason of the reaction's popularity amongst aqueous phase reactor studies under adiabatic or near adiabatic conditions, because temperature becomes a convenient and sensitive indicator of conversion. The adiabatic rise in temperature allows measuring continuously the conversion (Brungs et al., 1988) . Kinetic aspects of this reaction have been widely studied, so we used an available kinetic law (Brungs et al., 1988) :
The experimental study of this reaction is difficult due to the oxidazing nature of hydrogen peroxide and the hazard of fast run away of the reaction. Safety rules like a gradual increase of concentrations of reactants must be respected to avoid any accident. Solutions of hydrogen peroxide boil at about 110 • C and can damage the equipments. The objective of this reaction is then to determine up to which flow rate of reactant the reaction can be carried out the reaction in each reactor with respect to safety rules and without exceeding the maximum allowable temperature. An adiabatic reactor and a tracing table are added at the exit of the reactor in order to determine conversion rate.
The conversion of hydrogen peroxide at the exit of the reactor is deduced directly from the experimental rise in temperature (Prat et al., 2005) . The adiabatic reactor has been previously characterized thermally: heat capacity and thermal losses.
Reaction 4 : Mixing sensitive diazo coupling between 1-naphthols, 2-naphtols and diazotized sulphanilic acid The fourth reaction which will be discussed in this paper is the so-called "Bourne reaction" that has been described in detail by Baldyga el al. (1994) and for which the kinetics of the complex mechanism of 5 reactions is well determined. For this reaction the experiments have been performed and provide to us by BHR groups.
Modelling
The first step was to determine the compartmental model the most adapted to the flexibility of the reactor and the most representative of the real flow behaviour under different operating parameters. Heat transfer coefficient processes and chemical reactions have been then taken into account. 2.1 Residence time distribution (RTD): flow modelling RTD experiments have been carried out to characterize the fluid behaviour. The experiments have been conducted under a large range of operating flow rates and for several viscosities. This is a typical method in chemical engineering. In the present case, the tracer has been injected at the inlet pipe of the reactor with a syringe and the inlet and outlet tracer response has been continuously recorded. For the low viscosities, NaCl was used Time of reincorporation of the whirlwinds and number of cells versus Reynolds number as a tracer and conductivity probes as detectors whereas LiBr was preferred for viscous fluids keeping the same detectors. The inlet signal can be reasonably assimilated to a Dirac function. The experimental values of the first moments are equal to the ratio of the volume to the global flow rate for the whole set of experiments and whatever the viscosities. This result confirms that there is no dead volume behind inserts. In a first approximation, the flow behaviour is well represented as a plug flow with axial dispersion model. The dispersion has been estimated for several Reynolds numbers by changing the flow-rate from 10 to 100 L·h −1 for two viscosities. The values are plotted in Figure 3 . The transition between the laminar and turbulent flow regimes is clearly visible. For the low viscosities, the agreement between the experiments and the model is good. For higher values of viscosity, the differences between, experimental and simulation results become more important, a small part of the tail cannot be represented by the plus flow with axial dispersion model. It is better to use the perfect mixing cells in series exchanging with a recirculation zone, especially for the viscous fluid. This is due to the whirlwinds located behind the inserts which have lower velocities comparing to the velocity of the main flow ( Figure 5 ). The volume of the recirculation zone has been estimated to 5% of the Figure  5 shows an example of the velocities field obtained with k-ε model.
Modelling of heat exchanger reactor
Once the structure of the model which represents the flow behaviour has been determined, heat transfer processes and chemical reactions should be taken into account. Figure 6 (b) represents the elementary brick of the structure model. This is perfect mixing-cells in series exchanging with recirculation volumes of the whirlwinds. It includes three parts as in the pilot (Figure 6(b) ) with an injection of the reactant at the entrance of each part. Each part exchanges with the cooling fluid in co-current or counter current depending on the selected configuration. The global heat transfer coefficient has been experimentally determined by numerous experiments using the reactor as a simple heat exchanger. The heat transfer coefficient is represented by the following equation:
Where h OPR = N uλ/(dh), is the heat transfer coefficient in the reactive zone. N u is given by a semi empirical equation N u = 0.2218Re 0.57 Pr 0.4 h cooling = j Re Pr 1/3 λ/(dh) is the heat transfer coefficient in the cooling zone and h Sdwpl = h cooling S * /S ech .
The Colburn factor is a semi-empirical function of Reynolds number.
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Chemical reactions
The heat and mass balances for a given compound A can be written considering each cell mass exchanging with its corresponding recirculation zone as represented in Figure 6 (b).
(
q 2 = U S recir T recir and q 1 = U S R T reaction (8) where T recir is the difference of temperature between a recirculation zone and the cooling fluid around. T reaction is the difference of temperature between a main reactive zone and the cooling fluid around.
The global system is given by writing the heat balance for each cell and the mass balance for each species in each cells of the whole model structure (Figure 6(a) ).
Micro-mixing model
The reactor is fed by two inlets. The lateral inlet creates a jet of the second reactant in the first one. The shape and the position of the inlet influence the length, the dispersion and the wide of the jet and consequently the micro-mixing characteristics. In the same idea to have a flexible and simple model we developed a sub-compartmental model based on a cascade of the simple model proposed by Schweich (2001) . This model assumes that the mixing is composed of two parts: the first part is a perfect mixing zone and the second one is the 
Conversion of ethyl acetate versus hydroxide concentration for reaction 1 full segregation zone (see Figure 7) . As shown in Figure 7 , the ratio α is the characteristics of micro-mixing efficiency. At a constant RTD it does not depend on flow rates, volumes of segregation and micro-mixing zones.
We extended this to a cascade of this basic model to simulate the "dispersion" of the mixing and to represent the fluid jet (Figure 8 ).
Results and Discussion

Conversion and selectivity's for simple reactions
The simulation of the two first reactions behaviour has been compared with the experimental results. Since experiments have been conducted with low viscosities, the effect of recirculation zones is not significant. Figure 9 shows the conversion of ethyl acetate as a function of the initial concentrations for two ratios of hydroxide to ethyl acetate: M = 1.5 and M = 3. A good agreement has been obtained between the experimental results and the simulations. That confirms the RTD model. A simulation has been done with an equal repartition of sodium hydroxide at the three inlets (see dotted lines) to illustrate the possibility to predict the influence of the injection on selectivity. These reactions can be followed on line with micro-conductimeters in the case of small reactors. They allow to test rapidly the efficiency of a new reactor. However, they provide limited informations since they are only sensitive to macro-mixing.
Temperatures profiles with exothermic reactions
The reaction 3 is very exothermic and allows to validate the thermal representation of the model. For exothermic reactions, the experimental and simulated temperature profiles have been successfully compared as illustrated by Figure 11 for a nominal flow rate of 50 L·h −1 . However under some conditions, the amplitude of the hot point is overestimated. This difference arises from two possible reasons. First the axial conduction in the solid is not taken into account in the model. Second, the temperature is very sensitive to the reaction kinetics. The kinetics has been determined considering in a given rang of conditions of temperature and concentration. Outside this rang some discrepancies may be observed. The multiinjection systems and the several heat exchanger configu- rations allow to have better control of temperature profile and to carry out this reaction in a continuous system with a reasonable productivity. Figure 11 also shows the position and amplitude of the hot point for different flow rates with the same concentration. Since the model has been validated, it can be easily used to test other configurations and even to optimise the configuration for given concentrations of the reactants or to select the higher concentrations which can be used for a given heat exchanger configuration.
Effect of recirculation zones on hot spots
The effect of the recirculation zones on the hot spots has been evaluated. Several simulations of reactions 3 have been done to evaluate the possible negative or positive effect of these recirculation zones. Differences of several • C can be observed depending on the operating conditions. At this level it should be noticed that under very high viscosities conditions, the time of recirculation of the whirlwinds may increase and consequently the gap of temperature between the main flow and the recirculation zone too.
Micro-mixing simulations
Phenomenological models may also be used to interpret the results of reaction tests in order to characterize the micro-mixing. At this level, it should be pointed out that these types of model are not predictive for the industrial reactions sensitive to micro-mixing. They just allow to interpret the results of reaction tests and to have a better understanding of these phenomena. Experimental reaction tests obtained with reaction 4 have been interpreted with the sub-compartmental model and successfully compared with CFD simulation obtained by Bouaifi et al. (2004) (see Figure 12) .
The parameters obtained are very sensitive to the position and the shape of the inlet pipe. The total volume of the cells is the volume of the micro-mixing zone. The number of cells depends on the jet dispersion and α depends on the micro-mixing quality. The interest of such model should be confirmed for other reactors or microdevices. But they have the advantage to quantify and to compare easily different injection systems.
Conclusions
We have developed a simple and flexible model to simulate a novel micro-structured heat exchanger reactor which can have several configurations of heat exchange and inlets. The model is based on perfect mixing cells in series exchanging with recirculation zones located behind the inserts. The volume of these zones doesn't vary with the Reynolds number and has been estimated to 5% of the reactor total volume. The time of reincorporation of the whirlwinds varies from 1 to 10 s depending on Reynolds number. The mass and heat balances have been described for each cell. A semi-empiric correlation has been determined to calculate the global heat transfer coefficient between reactant flow and cooling system. The model has been validated both for conversion and selectivity predictions of several chemical reactions and temperature profile estimation of a very exothermic reaction. It has also been used to study the behavior of the reactor in terms of selectivity and temperature control testing other different configurations and the possibility of multiple injections and multiple cooling fluxes. Micro-mixing reaction tests have been interpreted through a sub compartmental model. If CFD simulations allow a detailed description of the reactors, such models present the advantage to rapidly simulate the main trend of sophisticated micro-structured reactors. Whether this type of model can be used to predict the behaviour of complex industrial reactions sensitive to micro-mixing is still uncertain because it does not take enough into account the local effects.
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